1. Introduction {#sec1}
===============

Azo--imine function (−N=N--C=N−) can regulate the structural morphology^[@ref1]^ along with their various peculiar properties including light switching,^[@ref2],[@ref3]^ multiple isomerisms,^[@ref4]^ photochromic,^[@ref5]^ photo and redox activities,^[@ref6],[@ref7]^ and so forth in the azo compounds. Arylazo compounds having the functional group diazenyl R--N=N--R′, in which R and R′ can be either aryl or alkyl, can interact with different types of molecules in a biological cell.^[@ref1]^ The presence of a heterocyclic moiety in the azo compound facilitates in biological activity.^[@ref8],[@ref9]^ Generally azo compounds are anionic in nature^[@ref10]^ and pH-sensitive and have ability to bind with the cationic protein and sometimes lipids as well. Researchers have made crucial experiments on controlling azo sizes and shapes, including their surface chemistries using multiple synthesis processes in polar and nonpolar media usually by azo coupling.^[@ref11],[@ref12]^ N-heterocyclic and unsymmetrical compounds including pyridine along with adenine and a purine nitrogenous base of nucleic acids are widely used in biological experimentations because of its multimodal applications in self-assembly formation,^[@ref13]^ drug-delivery for in vitro diagnostics,^[@ref14]−[@ref17]^ bioimaging and biosensing bioprobes^[@ref18]−[@ref23]^ in tissue and cell analysis for screening micro- and nano-objects and visualization of biological processes.^[@ref1],[@ref24]^ Also, their ability to form bioconjugation or biomodification is widely used in cancer diagnosis and therapeutics^[@ref1]^ because of their biocompatible nature in human cells.

Chemicals which seem to be unstable at acidic medium can be treated as unsuitable for future drug industry. In contrast, azo-linked N-heterocyclic compounds are more or less stable in a wide range of pH medium and are also thermodynamically stable in a certain temperature range.^[@ref25],[@ref26]^ The biological effectiveness of such N-heterocyclic compounds is enhanced by the inclusion of an azo (−N=N−) group in between these heterocyclic compounds.^[@ref9],[@ref27]^ Furthermore, bi-heterocyclic azo compounds have an ability to act as an electron transferring agent^[@ref28]^ and as redox active agent.^[@ref29],[@ref30]^ Purine bases have strong affinity for the formation of the H-bond with the effective biomolecules like hormones, metabolites, fatty acids, and so forth. Conjugation of proteins with nitrogen-based compound provides stabilization of the biosystem and induces biocompatibility functions onto this compound for biological interactions and biocoupling.^[@ref24],[@ref31]^ Thus, it is cost-effective, environment-friendly, and less toxic in nature; also, less surface passivation or modification is required for the nanoparticle for bioconjugation or other such implications. The presence of such nucleic base containing adenine in the bi-heterocyclic azo compound promoted the compound activity at different pHs, and it can bind with charged and as well as neutral biomolecules very well. Owing to its effectiveness in the medicinal field as a drug for antiviral, antibacterial, and also antifungal purposes, it is essential to know the structural evolution at different conditions mimicking the environment in a human cell. Prior to understanding the interaction of bi-heterocyclic azo compound with different lipids (cholesterol and sphingomyelin) present at human cell membranes, which will be explored in near future, it is essential to know the former molecule very well.

Here, we address the structural modifications of such an azo compound occuring at the air--water interface because of the alteration in pH and temperature of water through analyzing surface pressure--area (π--*A*) isotherms. This study is performed with specific accent on how different subphase conditions (pH and temperature) can modify the packing and ordering of the azo compound. For better understanding the effects, we calculated various elastic and thermodynamic properties as a function of physicochemical and thermodynamic parameters, such as pH/alkalinity and temperature, respectively. To the best of our knowledge, these properties have never been reported so far especially on this type of rarely found azo compound. In addition, the structure of such rarely^[@ref32]^ found azo molecules in monolayer to multilayer stacking on solid substrates is determined using two complementary techniques, such as X-ray reflectivity (XRR) and atomic force microscopy (AFM).

2. Results and Discussion {#sec2}
=========================

2.1. Monolayer Characteristics {#sec2.1}
------------------------------

### 2.1.1. Surface Pressure--Area Isotherm at Different pHs {#sec2.1.1}

The surface pressure (π)--area (*A*) isotherm of the azo compound ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) at a pH = 7 shows a monotonous increment in surface pressure with decreasing area/molecule. The area/molecule and stiffness of the isotherms systematically decrease with an increase in acidity, that is, lowering the pH value. Contrary to this, at a higher pH value (i.e., pH = 9), that is, in the alkaline environment, the isotherm becomes steeper, and interestingly, the area/molecule increased drastically. These isotherm measurements were performed at ambient conditions. The limiting area (*A*~lim~), calculated from the isotherm (tabulated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) curve by extending the linear condensed part to zero surface pressure axis, is found to be around 24.2, 23.3, 22.5, and 21.5 Å^2^/molecule at pH = 9, 7, 3, and 1, respectively. It determines the area/molecule when the Langmuir film undergoes a transition from the liquid phase to the close-packed condensed phase. Their corresponding area of condensation threshold or lift-off area (*A*~0~) (given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), where surface pressure begins to increase from zero, is obtained around 24.8, 24.9, 25.0, and 24.8 Å^2^/molecule, respectively. The lift-off area defines the value of the area at which the transition from the gas phase to liquid phase occurs. In gaseous phase, the molecules stay well apart from each other at the air--water interface and they exert very little (almost negligible) force. Upon compression, those molecules come closer and start interacting each other that manifested in a hike of surface pressure as evident in the isotherm curves. Thus, physically *A*~0~ marks the onset of intramolecular interactions. Similar *A*~0~ values at different pHs suggest no influence when the molecules are far apart at the air--water interface. On the contrary, a drastic difference in *A*~lim~ as a function of subphase pH is observed. Notably, all the isotherms were recorded keeping the spreading volume (750 μL) and the concentration (1 g/L) of solutions constant. Therefore, the deviation in *A*~lim~ values can be attributed to the difference in pH of subphase water. High pH leads to higher surface activity of azo molecules as more number of molecules reaches to the air--water interface contributing in surface pressure. Based on these observations, it is clear that the azo molecules become less compact at air--water interface in acidic environment, whereas at a basic environment, the molecules become less fluidic or more compact. Hence, pH of the subphase alters the interactions within azo molecules and with subphase water. Accordingly, the orientation and packing of the monolayer at air--water interface modify. Interestingly, the difference between *A*~0~ and *A*~lim~, that is, (*A*~0~ -- *A*~lim~), tabulated in the [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, increases with the decrement of pH. This quantity actually determines the range of the intermediate liquid phase which becomes wider with the lowering of pH. Consequently, the molecular assembly is found more compressible at lower pH.

![(a) Surface pressure (π)--area (*A*) isotherm of the azo compound as a function of pH. Dotted line extrapolated to zero pressure axis represents *A*~lim~. The shaded box represents the *A*~0~ values. (b) Corresponding in-plane elasticity. All these measurements were carried out at room temperature (RT).](ao0c02147_0002){#fig1}

###### Parameters Calculated by Analyzing Surface Pressure (π)--Area (*A*) Isotherms at Different pHs and Temperatures (*T*)

  subphase parameters   *A*~0~ (Å^2^)   *A*~lim~ (Å^2^)   *A*~0~ -- *A*~lim~ (Å^2^)   *A*~c~ (Å^2^)   *C*~s~^--1^ (mN/m)   
  --------------------- --------------- ----------------- --------------------------- --------------- -------------------- ---------
  pH                    9               24.8              24.2                        0.6             23.95                0--5000
                        7               24.9              23.3                        1.6             22.86                0--4000
                        3               25.0              22.5                        2.5             21.75                0--3000
                        1               24.8              21.5                        3.3             19.92                0--2000
  *T*                   20 °C           23.8              22.5                        1.3             21.42                0--2000
                        15 °C           25.2              23.9                        1.2             23.31                0--2200
                        10 °C           26.9              25.4                        1.5             24.71                0--3000
                        5 °C            28.1              27.3                        0.8             26.95                0--7000

A further analysis of isotherms provides compressional modulus (*C*~s~^--1^) and plotted it as a function of area/molecule (shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). To extract the information of elastic properties of the monolayers, the reciprocal of monolayer compressibility (*C*~s~), that is, the compressional modulus (*C*~s~^--1^, also known as in-plane elasticity) was calculated from the isotherms of the azo-containing monolayer at the air--water interface using the following expression^[@ref33],[@ref34]^where *A* is the area per molecule. Numerical value of *C*~s~^--1^, tabulated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, increases when the monolayer attains its condensed state. For high acidic medium (pH = 1), the *C*~s~^--1^ value varies between 0 and 2000 mN/m, whereas in high basic medium (pH = 9), *C*~s~^--1^ lies between 0 and 5000 mN/m. Thus, the *C*~s~^--1^ value is found to decrease with the increase in acidity of the subphase. *C*~s~^--1^ curves attain its highest value at certain area/molecule labelled as critical area/molecule *A*~c~. At this position, the maximum increment in surface pressure occurs upon minimum decrement in area/molecule. Physically, it corresponds to the state when the floating Langmuir film reaches its utmost compact structure. Further compression below *A*~c~, the film may cause collapse in the film.

### 2.1.2. Surface Pressure--Area Isotherm at Different Temperatures {#sec2.1.2}

Isotherms were also recorded at four different temperatures, that is, at *T* = 20, 15, 10, and 5 °C of subphase water (Milli-Q water, pH ≈ 6.1), as depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. At relatively higher temperature, the area/molecule and, more importantly, the compressional modulus (*C*~s~^--1^) (shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) attain the lowest value (given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). It indicates that the surface pressure increases slowly upon compression of barriers. The isotherms and numerical values of *C*~s~^--1^ follow a trend of increasing gradually with decreasing temperature. Please note that the low-temperature measurements were done first followed by higher temperature measurements. At each temperature, the isotherm study was made on freshly spread azo molecular layer not on the same layer because of existence of hysteresis.

![(a) Surface pressure (π)--area (*A*) isotherm of the azo compound as a function of temperature, (b) corresponding in-plane elasticity. These isotherms were collected at fixed pH of Milli-Q water (pH ≈ 6.1) at RT.](ao0c02147_0003){#fig2}

It is to be noted that our azo compound^[@ref27]^ consists of adenine and pyridine groups (detail structure is given in the [Materials and Method](#sec4){ref-type="other"}s section) with effective π-conjugations, where both N-heterocyclic compounds adenine and pyridine are known to create an acid--base adduct with Brønsted acid via H-bond formation.^[@ref35]^ Adenine has stronger probability to form H-bonding^[@ref36]^ with water as compared to pyridine.^[@ref37]^ As we decrease pH of the water subphase, number of H^+^ ions increases in water. Hence, at low pH, the azo molecules form more H-bonds and tend to reside under subphase water, which manifested in low values of *A*~0~, *A*~lim~, and *C*~s~^--1^. Solubility of such bi-heterocyclic azo compounds in water increases with rising temperature. Herskovits and Harrington reported that the solubility of adenine (main constituent of the azo compound) in water increases with the increase of temperature.^[@ref38]^ Here, a nonlinear increment is encountered (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02147/suppl_file/ao0c02147_si_001.pdf) S1).

By extrapolating the curve, the solubility value is extracted at the desired temperatures. At *T* = 5, 10, 15, 20, and 30 °C the solubility is found to be 15.1, 29.1, 45.0, 58.1, and 91.0 mol L^--1^, respectively. Therefore, at *T* = 5 °C, the solubility of the azo compound is expected to be less than at 20 °C. Consequently, at high temperatures because of increased solubility, a less condensed monolayer with a decreased value of area/molecule (*A*~0~, *A*~lim~) and *C*~s~^--1^ are obtained. This surface activity study with increasing temperature reveals that the activity of the said compound decreases. The molecularly associated rigid surface molecule is broken down with rising the temperature because of the escalation of molecular vibration.^[@ref39]^ Hence, some of the H-bonds might be broken down. As a consequence, empty spaces developed between the surface molecules that incites more water molecules to come at the air--water interface. Under these circumstances, some azo molecules may be surrounded by more water molecules and driven into bulk, reducing the number of molecules at the air--water interface. Henceforth, the monolayer occupies less area and exhibits less surface pressure. The effect of the subphase temperature on the molecular organization would be better assessed by monitoring surface pressure keeping the barriers fixed and vary the temperature. At *T* = 5 °C, barriers were fixed at a position that elevates the surface pressure to 61.83 mN/m. This pressure reduces to 44.65 mN/m gradually (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02147/suppl_file/ao0c02147_si_001.pdf) S2) with the rise in temperature up to 30 °C. Generally, surface tension decreases (or surface pressure increases) with increasing temperature because cohesive forces decrease with an increase of molecular thermal motion. Thus, the reduction in pressure can be attributed to the hopping of molecules from the air--water interface to bulk water because of increased solubility. The isotherms of different pH values (1, 3, 7, and 9) were studied at RT (≈20 °C, environment temperature controlled by AC), and the isotherms of different temperatures (5, 10, 15, and 20 °C, temperature of cold water flowing through the cooling line which is controlled by the chiller) were studied at pH = 6.1. The *C*~s~^--1^ value for the 20 °C (recorded by chiller) (at pH = 6.1) isotherm is 0--2000 mN/m, while that for the pH = 7 (at 20 °C, recorded by AC) isotherm is 0--4000 mN/m and for the pH = 3 (at 20 °C) isotherm is 0--3000 mN/m. The apparent inconsistency in the in-plane elasticity values from two sets of measurements for nearly similar pressure and temperature can be understood considering the fact that flowing of water by chiller in temperature variation measurements might perturb the isotherm characteristics and hence the elasticity. Additionally, a finite temperature gradient from the cooling line to the air--water interface is likely to exist as the water top surface is in contact with RT; therefore, there must be a temperature gradient. Perhaps, the actual temperature at the air--water interface in temperature variation measurement would be higher than what recorded by chiller. This higher temperature can be responsible for decreased elasticity.

### 2.1.3. Hysteresis Study {#sec2.1.3}

The surface pressure--area hysteresis isotherm of the azo compound at the air--water interface is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. A striking behavior is observed in repetitive compression and expansion isotherm cycles (two cycles). It is evident from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} that the expansion curves (E1 and E2) follow different trajectories than the route followed by compression curves (C1 and C2). The E1 and E2 isotherms are steeper than those of C1 and C2. According to the steepness, the four curves could be arranged as C1 \< C2 \< E1 \< E2. More interestingly, the steepness of C2 recovers its value to some extent as obtained in the first cycle. It is clear that the repetitive compression--expansion cycles lead to a more compact monolayer structure. Notably, the length (i.e., horizontal conformation) and the breadth (vertical conformation) of the molecule are 1.8 and 1.5 nm, respectively. In the first compression C1 of the monolayer, self-organization of the molecules occur. During the self-organization process, the floating monolayer at the interface exhibits a transformation from horizontal (greater cross-sectional area) to vertical (less cross-sectional area) conformation, as depicted schematically in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (right panel). This transition persists to some extent when the barriers move apart but some molecules flip to horizontal conformation having larger area during expansion. Such partial reversibility is revealed when the steepness again decreases during C2. After reaching the same pressure π = 40 mN/m, it drops more abruptly. This implies that the azo assembly progressively takes more compact packing with number of cycles. Notably, the final pressures for the fully expanded azo monolayer after completion of E1 and E2 remain nearly same to the initial pressures of C1 and C2, suggesting no loss of molecules from the air--water interface. Hence, this hysteresis may correspond to the different intermolecular arrangements or conformations in the compression and expansion cycles.

![Hysteresis study (compression--expansion of two cycles) of the azo compound at RT (left panel). C1 and E1 represent first cycle compression and expansion, respectively. C2 and E2 represent second cycle compression and expansion, respectively. Schematic depicts organization of molecules at the air--water interface at low and high surface pressures (right panel). At low and high pressures, the molecules are likely to be oriented parallel (horizontal conformation) and perpendicular (vertical conformation) to the water surface, respectively. The probable interactions are shown by dotted lines (right panel).](ao0c02147_0004){#fig3}

Now, because different degrees of organization must be related to entropy *S*, the hysteresis of the compression--expansion curves is apparently correlated with an alteration in the entropy Δ*S* of the monolayer film.^[@ref40]^ According to the entropy law of thermodynamics applied to the isothermal compression--expansion cycle of a monolayer system, the change in entropy Δ*S* between the initial *A*~i~ and final *A*~f~ film areas iswhere Δ*W* = *W*~exp~ -- *W*~com~ is the difference in work done (per mol) between expansion and compression cycles. *W*~exp~ or *W*~com~ can be expressed aswhere *N*~A~ is Avogadro's number. The calculated values of *W*~exp~, *W*~com~, and Δ*S* are tabulated in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Parameters Such as Work Done During Compression (*W*~com~) and Expansion (*W*~exp~) Isotherms and Entropy are Calculated by Analysing of Surface Pressure (π)--Area (*A*) Hysteresis Isotherms as a Function of No. of Cycles and pH of the Subphase

  parameters      *W*~com~ (kJ/mol)   *W*~exp~ (kJ/mol)   Δ*S* (J mol^--1^ K^--1^)   
  --------------- ------------------- ------------------- -------------------------- --------
  no. of cycles   1                   0.27                0.18                       --0.31
                  2                   0.21                0.15                       --0.20
  pH              9                   0.07                0.06                       --0.03
                  7                   0.12                0.10                       --0.07
                  3                   0.21                0.14                       --0.23
                  1                   0.34                0.26                       --0.27

The work done during compression is found to be higher than that of expansion, which in turn leads to a negative entropy Δ*S* change (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).^[@ref41]^ At the beginning of the isotherm, when lateral pressure is very close to zero, the azo molecules are well separated which in turn leads a flexible disordered orientation at the air--water interface (illustrated schematically in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, right panel). However, upon compression, when pressure reaches to 40 mN/m, the azo molecules lose freedom as they achieve closely packed assembly having vertical conformation (occupying smaller area as depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). This result provokes us to continue the hysteresis study at different pHs of the subphase. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} illustrates the evolution of hysteresis curves as a function of pH. The enclosed areas by compression and expansion isotherms are found to vary significantly with pH. To shed more light on the quantitative understanding, we have calculated *W*~exp~, *W*~com~, and Δ*S* and tabulated in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. Hysteresis is more prevailing when the medium becomes acidic, that is, pH = 1 and 3. A large change in entropy around −0.27 and −0.23 J mol^--1^ K^--1^ is obtained at pH = 1 and 3, respectively. Azo molecules are strongly attracted via ion (H^+^)--dipole (−NH~2~/--NH group) interaction at pH = 1 and 3 compared to weak dipole--dipole interaction present in neutral (pH = 7) to high pH (pH = 9) conditions. Owing to this strong interaction at low pH, the vertical conformation (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) formed upon compression is preserved in further expansion resulting in large hysteresis. At high pH, the isotherms are no more compressible (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) as the monolayer is highly populated with azo molecules which inhibit any kind of transformation of conformation because of lack of space.

![Hysteresis study (compression--decompression) of the azo compound at RT with varying pHs of subphase water.](ao0c02147_0005){#fig4}

2.2. Structure of Langmuir--Blodgett Films {#sec2.2}
------------------------------------------

The conformation of the floating Langmuir monolayer at different compressed phases can be realized by transferring them on suitable substrates. However, the structure of the Langmuir monolayer may change when it is transferred from the air--water interface to a substrate. It involves many variables, such as the materials of the monolayer, the aqueous subphase, the elastic properties of the monolayer, the nature of the substrate, the number of deposited layers, and deposition parameters (pressure, lifting-dipping rate, time of drying between successive depositions, stability of the floating monolayer during the deposition, etc.). However, Langmuir--Blodgett (LB) films of azo molecules were deposited on hydrophilic and hydrophobic Si in one (up), three (up--down--up), and two (down--up) strokes, respectively, at two different surface pressures π ≈ 5 and 30 mN/m. Owing to the polar nature of native oxide,^[@ref42]^ deposition was made in the upstroke (1 and 3 strokes) sequence starting from the bottom of the water subphase. In the case of the hydrophobic substrate, deposition was made in 2 strokes (down--up sequence). All the depositions were done at ambient conditions and at pH ≈ 6.1 (pH of Milli-Q water).

### 2.2.1. XRR and Electron Density Profile {#sec2.2.1}

To probe the structure of these LB films, we performed XRR measurements. As the XRR technique provides an electron density profile (EDP) along the depth, it is possible to find out the structure of LB films. By knowing this structure, one can extrapolate the organization of azo molecules at the air--water interface before transferring on the substrate. XRR data and analyzed curves for LB films deposited on hydrophilic (1 and 3 strokes) and hydrophobic (2 stroke) surfaces at two different surface pressures π = 5 and 30 mN/m are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The oscillations obtained from these films show different modulations. However, to get the quantitative information about the structure, all the XRR data were fitted by considering a realistic model structure and corresponding EDPs are given in their insets. For the fitting, all the films are divided into different boxes. Each box carrying constant density and roughness is incorporated at each interfaces. There are three fitting parameters, such as thickness, density, and roughness, for each box. The EDP indicates a drastic density variation along the depth that leads to an overall layered structure in all the LB films. The values of thickness and density of different layer obtained from the EDPs are tabulated in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The model structure of the films is schematically illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. At π = 5 mN/m, films prepared on hydrophilic Si mainly comprised of two layers (bottom and top layers): a highly dense bottom layer (ρ~bot~ = 0.32 e^--^/Å^3^ in 1-stroke and 3-stroke film) and a very low dense top layer (ρ~top~ = 0.02 and 0.03 e^--^/Å^3^ in 1-stroke and 3-stroke film, respectively) (shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). On the contrary, the oscillation of the LB film deposited on hydrophobic Si almost disappears which implies that the film is rough.

![XRR data (different symbols) and analyzed curves (solid line) of azo LB films on hydrophilic (1 stroke \[up\] and 3 stroke \[up--down--up\]) and the hydrophobic (2 stroke \[down--up\]) Si(100) substrate, deposited at surface pressure (a) π = 5 mN/m and (b) π = 30 mN/m (curves are shifted vertically for clarity). Inset: corresponding EDPs. The bottom layer (labelled from *z* = 0 position to the intercept of vertical dotted line with *z* axis) is comprised of azo molecules having horizontal (at π = 5 mN/m) and vertical (at π = 30 mN/m) conformations as depicted in the EDPs.](ao0c02147_0006){#fig5}

![Schematic presentation of LB films formed on hydrophilic (1 and 3 strokes) and hydrophobic (2 strokes) Si at deposition pressure π = 5 and 30 mN/m.](ao0c02147_0007){#fig6}

###### Parameters, Such as Thickness (*L*) and Electron Density (ρ) of the Constituent Layer of Different Films Deposited on Hydrophilic and Hydrophobic Si Obtained from XRR Analysis (i.e., EDP) Assuming a Model Structure[a](#t3fn1){ref-type="table-fn"}

  LB films        bottom layer   middle layer   top layer                                      
  --------------- -------------- -------------- ----------- ------ ------ ------ ------ ------ ------
  π = 5 (mN/m)    hydrophilic    1s             ↑0.81       1.94   0.32                 2.77   0.02
                                 3s             ↑0.85       2.37   0.32                 2.60   0.03
                                                ↓0.04                                           
                                                ↑0.00                                           
                  hydrophobic    2s             ↓0.40       1.55   0.32                 2.45   0.03
                                                ↑0.00                                           
  π = 30 (mN/m)   hydrophilic    1s             ↑0.91       2.23   0.40   1.60   0.21   2.3    0.04
                                 3s             ↑0.93       2.66   0.40   1.52   0.25   2.66   0.05
                                                ↓0.42                                           
                                                ↑0.26                                           
                  hydrophobic    2s             ↓0.55       1.94   0.32   1.55   0.19   3.11   0.11
                                                ↑0.20                                           

Transfer ratio (TR) obtained at different no. of strokes that is first stroke (up ↑), second stroke (down ↓), and third stroke (up ↑).

Whereas at π = 30 mN/m, the density variation is found to be more abrupt which makes XRR oscillation more prominent (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). They exhibit a three-layered structure (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The density of the bottom layer (ρ~bot~ = 0.40 e^--^/Å^3^) is higher than that of the middle layer (ρ~mid~ = 0.25 e^--^/Å^3^) and density of middle is much higher than the top layer (ρ~top~ = 0.05 e^--^/Å^3^) (ρ~bot~ \> ρ~mid~ \> ρ~top~). Furthermore, those films deposited at π = 30 mN/m possess higher densities compared to those prepared at π = 5 mN/m. The oscillation and EDP of the film deposited on hydrophobic Si differed drastically from that of hydrophilic substrates. For detail comparison, these parameters are extracted from EDP and tabulated in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. At high pressure (π = 30 mN/m), largely populated azo molecules at the air--water interface may flip and form multilayer during transfer onto the substrate. Hence, a distinct layered structure (not evident in the case of the film deposited on hydrophobic Si) is developed on hydrophilic Si. Interestingly, the thickness of the bottom layer (labelled as *L*~bot~, tabulated in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) is found less for the films prepared at π = 5 mN/m than those prepared at π = 30 mN/m. The thickness of the bottom layer is found to be around 1.55--2.37 and 1.94--2.66 nm at π = 5 and 30 mN/m, respectively. Therefore, the difference in thickness is found to be around 2.9--3.9 Å, which can be correlated with the change in conformation of molecule as its length is 3.0 Å greater than the breadth. Although the dimension of the molecules (length ≈ 18 Å, breadth ≈ 15 Å and height ≈ 1.5 Å) is little less than thickness of the each layer thickness. This may be because of the fluctuation of the molecular assembly on the substrate surfaces. Please note that before XRR analysis, we have estimated the mass density (ρ~v~) of such a rare azo compound from its molecular weight and single-molecule dimensions. The mass density is obtained around 1.41 g/cm^3^. Then, this density is directly converted to the electron density (ρ~e~) using the relation ρ~v~ = 3.085ρ~e~.^[@ref43]^ Hence, the bulk electron density of the reported azo compound would be around 0.457 e^--^/Å^3^. This calculated value seems to be convincing as it lies in between the densities of the adenine (0.519 e^--^/Å^3^) and pyridine (0.318 e^--^/Å^3^) which constitute this azo molecule.

The structure of such LB films has been correlated with a TR (given in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) obtained at different number of strokes. The high TR value during the first stroke and the low value in further strokes inhibit the formation of multilayers at low surface pressure (π = 5 mN/m). Hence, a highly dense bottom layer (expected to form in the first stroke) and a very low dense top layer (expected to form in second and/or third strokes) are obtained. In contrary, at high surface pressure (π = 30 mN/m), TR is found to be significant in second and third strokes along with the first stroke which manifested in the multilayer structure. The TR during each stroke at high pressure is greater compared to that at low pressure as molecules are more closely packed at former condition.

In order to understand the transfer of molecules from the air--water interface to substrate surface in different number of strokes at a particular pressure, the transfer amount (TA) is calculated from the data available in the [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. At π = 5 mN/m, the total TA is obtained ≈6.8 e^--^/Å^2^ for 1s (one upstroke) and ≈8.4 e^--^/Å^2^ for 3s (up--down--up strokes). Hence, a TA value of 1.6 e^--^/Å^2^, which is nearly 23% with respect to the TA in the first stroke, occurred in successive second (down) plus third (up) stroke depositions. On the other hand, at π = 30 mN/m, the total TA is achieved ≈13.2 e^--^/Å^2^ for 1s (one upstroke) and 15.8 e^--^/Å^2^ for 3s (up--down--up strokes). Therefore, around 20% difference in TA is observed that is caused because of the additional transfer of molecules on the substrate during second (down) and third (up) stroke of deposition. Interestingly, if we look into the TR values (0.42 and 0.26 in second and third stroke, respectively), one should expect a better TA for the 3s film. The TR value of 0.91 in 1s gives rise to a TA of 13.2 e^--^/Å^2^. Hence, the TR values 0.42 and 0.26 recorded in second and third strokes correspond to the TA ≈ 6.1 and 3.8 e^--^/Å^2^, respectively. Thus, a total TA of 9.9 e^--^/Å^2^ (i.e., 75% with respect to the TA in the first stroke) should have been deposited in further down (second) and up (third) strokes, but it is not the case. Rather a huge discrepancy between the calculated TA and the amount predicted by TR values is noticed. This deviation could be realized by considering the fact that some of the molecules may dissolve during complete immersion into the subphase in the second (i.e., down) stroke before starting the third stroke. Perhaps, this certain amount of dissolution of molecules, which were transferred during the second stroke, inhibits the improvement in TA in multilayer depositions. However, a drastic improvement (≈88--94%) in TA of corresponding strokes is encountered because of rise of surface pressure from 5 to 30 mN/m. Please note that the 1s and 3s films are two separate films, and we are assuming that the same amount of molecules (same TA) is transferred in the 1s film and in the first stroke of the 3s film. Despite the fact that all the parameters were kept same and the depositions were done simultaneously, there might be some small differences because of sample-to-sample uncertainty in experiments.

It is also clear that for π = 5 mN/m, a very small fraction of bilayer in addition to the monolayer is formed even in the first stroke itself. Similarly, for π = 30 mN/m, a small fraction of the bilayer and very small fraction of the trilayer in addition to the monolayer (of different orientation) are formed in the first stroke. It is unlikely to form multilayer in one stroke (shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). This can be understood considering the fact that during the transfer of molecules from the water surface onto the solid surface, some molecules may not like to attach with the substrate as they bonded with other molecules which led the formation of middle and top layers in one stroke. However, during this process, there was a continuous supply of molecules and the density of the bottom layer remains good. When the number of strokes increases from 1 to 3, a more thick and smooth film is obtained. It indicates that the additional down--up stroke facilitates the reorganization of azo molecules in forming a better layered structure. Another possibility of multilayer formation on the substrate in the single upstroke would be the intake of the inbuilt multilayered structure of the Langmuir film at the air--water interface. It is very difficult to discard one of them convincingly in the present study as no direct characterization was done at the air--water interface. However, the existence of the latter model demands more thick films (at least some amounts) (as significant TR values observed in second and third strokes) than what we obtained. Moreover, the hydrophobic substrate exhibits lower TR values than the hydrophilic one which indicates that the azo compound likes to transfer on hydrophilic Si rather likes to reside at the air--water interface. This can be attributed to the dominant hydrophilic nature of azo molecules. Also, the TR value at each stroke fully compliment the obtained EDP for every films.

### 2.2.2. AFM and Topography {#sec2.2.2}

Various layered islands are directly encountered in the surface topography images (shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--f), although their morphologies are different on polar and nonpolar surfaces. However, these morphologies do not alter appreciably with number of strokes (1 and 3) on hydrophilic Si which is also expected from the XRR analysis. The basic difference between the structure on hydrophilic and hydrophobic surfaces is that the former surface exhibits a small island structure on top of a very compact layer (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,c). The average height of these islands is found to vary in the range of 2.5--6 nm. These islands correspond to the top layer on a highly dense bottom layer as labelled in the EDP. In contrast, the EDP (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) suggests that the thickness of the top layer varies from 2.45 to 2.74 nm. Higher thickness of the top layer obtained in AFM appears as roughness in EDP. The coverage (surface area) of the top layer on hydrophilic Si extracted from AFM is found nearly equal to 15--20% (estimated error ≈ 5%). Their coverage can also be estimated from EDP. Considering the maximum density 0.4 e^--^/Å^3^ of the bottom layer as 100%, the coverage of the top layer for all the films (except hydrophobic films) would vary in the range of 10--20% (±10%). Hence, AFM results are in agreement with the XRR analysis. Nevertheless, coverage of the films or layers is calculated by marking grains above a threshold height using Gwyddion software. However, the morphology differs drastically when the depositions are done at high pressure, that is, at π = 30 mN/m (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). A layered structure is more evident on hydrophilic Si (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d,f), whereas such distinct layering is absent on hydrophobic surfaces ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,e). Different layers are evident in LB films deposited on hydrophilic Si in three strokes (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}f).

![AFM images (scan area = 2 × 2 μm^2^) of azo LB films deposited at π = 5 mN/m (a) 1s, (b) 2s, (c) 3s and at π = 30 mN/m, (d) 1s, (e) 2s, and (f) 3s. Their corresponding *Z*~max~ (maximum value of the height scale) are 6, 8, 8, 10, 10, and 12 nm, and root-mean-square (rms) roughness (σ~rms~) are 9.0, 17.8, 8.0, 6.3, 14.4, and 7.8 Å, respectively.](ao0c02147_0008){#fig7}

3. Conclusions {#sec3}
==============

In conclusion, we have demonstrated that the elastic properties of the bi-heterocyclic azo compound, which is the constituent of biological molecule like adenine, is found to evolve drastically at the air--water interface as a function of subphase pH and temperature. High pH and low temperature appear to move the isotherms to a large area/molecule because of improved solvation of the azo compound in the subphase. Consequently, the elasticity of such azo assembly, as deduced from the steepness of the isotherm curve, goes down with pH reduction and temperature elevation. A strong pH-responsive hysteretic feature accompanied with a negative change in entropy may involve transition from horizontal (larger occupied area) conformation to vertical (smaller occupied area). This can be envisioned as an acidic subphase (lower pH) that facilitates in-plane interaction between azo molecules via H-bond formation resulting in large hysteresis. The partial reversibility of successive hysteresis cycles leads to a more condensed phase progressively. The structural analysis of such molecular assembly upon transferring on hydrophilic and hydrophobic Si surfaces at two different surface pressures (π = 5 and 30 mN/m) reveals that a layered structure is formed on hydrophilic Si. On the contrary, this layered structure is likely to disappear on hydrophobic Si, rather a less covered rough film is formed. The layering becomes more pronounced at higher deposition pressure (π = 30 mN/m), when the assembly is more compact. Multilayer films with partially covered top layers are obtained. The structure of solid-supported films at various conditions is important to replicate the organization or conformation of the predeposited films at the air--water interface which essentially have insinuations in the biological applications of human body. In particular, the consequences of this study would be advantageous to understand the interaction of this azo compound with different biomolecules, such as sphingomyelin, cholesterol, and bovine serum albumin, present in the human body cell membrane.

4. Materials and Methods {#sec4}
========================

4.1. Materials {#sec4.1}
--------------

The detailed synthesis procedure of our azo compound, IUPAC name 2,8-\[bis-{(3′-pyridyl)azo}\]adenine, (*M*~w~ = 345 g/mol) is described elsewhere.^[@ref27]^ In brief, the diazotization process was carried out by the slow addition of aqueous solution of NaNO~2~ (0.75 g) into the mixture of 10 mL dilute H~2~SO~4~ (1:1) and 3-aminopyridine (1 g, 10.6 mmol) until the solution color reached yellow at 0--2 °C. The solution mixture was kept for 2--3 min. Then, the cold yellow color solution of pyridine--diazonium salt was added dropwise into the cold aqueous solution mixture of adenine (1.45 g, 10.7 mmol) and potassium hydroxide (2 g) with constant stirring and finally obtained an orange-red precipitate. After 4 h, the precipitate was filtered, washed with little water, and kept into desiccators. Then, the compound was dissolved in dilute HCl, neutralized with the solid NaHCO~3~, filtered, washed with little water, and finally dried. The crude compound was purified by the column chromatographic method, and finally, a red compound was isolated by using methanol as mobile solvent. A brief description of the steps involved in the synthesis and a tentative idea of its dimension are shown in the [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. This molecule shows amphiphilic nature as both hydrophilic and hydrophobic parts being present (schematically shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b).

![(a) Synthesis steps of the azo compound and (b) different parts (hydrophilic and hydrophobic) of the compound and its pictorial representation.](ao0c02147_0009){#fig8}

4.2. Preparation of Langmuir Monolayer and Film Deposition {#sec4.2}
----------------------------------------------------------

For the study and fabrication of Langmuir monolayers and LB films, a commercial LB instrument (Apex Instruments, model no.: LBXD-NT) having a PTTE trough (560 mm length, 200 mm width, and 5 mm height) and two software-controlled barriers located at the interface were employed. The LB deposition well has a dimension of 60 mm (length), 200 mm (width), and 60 mm (height). The surface pressure of the isotherms were measured by means of the Wilhelmy plate method with an accuracy of ±0.01 mN/m. Here, a strip of filter paper (dimensions = 10 × 25 mm^2^) in contact with the aqueous subphase was incorporated. Prior to start of the experiments, ultrahigh pure Milli-Q water and ethanol were used to clean the LB trough repeatedly. A solution of the azo compound having a concentration of 1 g/L is prepared using methanol solvent and kept for 24 h for homogeneous dissolution. To record the isotherm of the azo compound, it was carefully spread all over the subphase Milli-Q water drop by drop with a Hamilton microsyringe having a precision of 2.5 μL. The solution was left for 15--20 min for the evaporation of the solvent and was allowed to reach an equilibrium surface pressure. Afterward, the monolayer was compressed with two movable barriers on the water surface at a speed of 8 mm/min to record the surface pressure--area (π--*A*) isotherms. The isotherms were recorded for multiple pH values (pH = 1, 3, 7, and 9) and different temperatures (*T* = 5, 10, 15, and 20 °C) of water following the aforementioned procedure. The pH of subphase water was changed using NaOH and HCl, whereas temperature of subphase water was controlled using a chiller (Firstsource Company) equipped with LB trough. The cooling line, that is, the inlet and outlet port by which cold water circulates is located under the trough. The temperature variation measurements were performed by connecting a chiller with the LB trough, whereas the isotherms observed at different pHs were taken at RT without connecting the chiller as the flowing of cold water through the cooling line might perturb the isotherm. The fabrication of the LB monolayer and multilayer films on hydrophilic and hydrophobic Si(100) substrates were performed at two constant pressures, that is, at 5 and 30 mN/m by maintaining a fixed barrier compression and expansion speed of 8 mm/min. Moreover, the lifting and dipping of substrates through the subphase were fixed at a speed of 5 mm/min. After deposition, the films were left for 10 min above the subphase for natural drying before their collection.

Before LB deposition, some substrates were made hydrophilic by RCA cleaning and some were made hydrophobic by hydrofluoric (HF) treatment.^[@ref44]^ In RCA cleaning, the Si surfaces (of size ≈ 25 × 15 mm^2^) were made hydrophilic by introducing the hydroxyl group (−OH) after boiling them in a mixture of ammonium hydroxide (NH~4~OH, Sigma-Aldrich, 25%), hydrogen peroxide (H~2~O~2~, Acros Organics, 39%), and Milli-Q water (H~2~O/NH~4~OH/H~2~O~2~ = 2:1:1, by volume) for 10 min at 100 °C. The RCA-cleaned hydrophilic substrates were made hydrophobic by HF acid treatment. Here, the RCA-cleaned Si was vertically immersed into HF (10%, 20 mL) solution for 3 min, and afterward, the substrates were washed in Milli-Q and dried prior to film deposition. The quality of hydrophilicity and hydrophobicity were tested by water contact angle measurements which yield ∼14 and 79°, respectively.

4.3. Characterization {#sec4.3}
---------------------

XRR measurements were carried out at the beamline MCX^[@ref45]^ at Elettra-Sincrotrone Trieste. The wavelength used was 1.54 Å. The beamline is equipped with a high resolution four-circle diffractometer and a three (*X*, *Y*, and *Z*) translational stage. Scattered intensities were recorded using a scintillator detector behind a set of receiving slits. Data were taken in specular condition, that is, the incident angle is equal to the reflected angle and both are in a scattering plane. Under such conditions, a nonvanishing wave vector component, *q*~*z*~, is given by (4π/λ)sin θ with a resolution of 0.001 Å^--1^. The XRR technique essentially provides an EDP, that is, in-plane (*x*--*y*) average electron density (ρ) as a function of depth (*z*) in high resolution.^[@ref46]^ From EDP, it is possible to estimate film thickness, electron density, and interfacial roughness.^[@ref46],[@ref47]^ Analysis of XRR data has been carried out using the matrix technique.^[@ref46],[@ref48]^ In general, the electron-density variation in a specimen is determined by assuming a model and comparing the simulated profile with the experimental data. EDP is extracted from the fitting of experimental XRR data. For the analysis, each film has been divided into a number of layers including roughness at each interface.^[@ref46],[@ref47]^ An instrumental resolution in the form of a Gaussian function and a constant background were also included at the time of data analysis.

Surface morphology of the films were collected by an AFM (NT-MDT), and scans were performed over several portions of the films for different scan areas after completion of XRR measurements. AFM images were collected in the noncontact mode using the silicon cantilever (dimensions: 125 μm × 30 μm, spring constant = 42 N/m, resonance frequency = 320 kHz) and sharp needle-like tip in ambient conditions to minimize the tip-induced modification of the sample surface. Gwyddion software was used for image processing and analysis. A contact angle measurement setup (Acam-MSC) was used to measure the contact angle of water on RCA- and HF-cleaned Si surfaces.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02147](https://pubs.acs.org/doi/10.1021/acsomega.0c02147?goto=supporting-info).Solubility of adenine (main constituent of our azo compound) in water as a function of temperature and evolution of surface pressure with temperature keeping barrier position fixed ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02147/suppl_file/ao0c02147_si_001.pdf))
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